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INTRODUCTION
C13-norisoprenoid compounds are important contributors to the
aroma of wines. They are generated from carotenoids such as
lutein and ß-carotene (Winterhalter et al., 1990; Winterhalter,
1991; Cox et al., 2005). Whereas a high number of different
norisoprenoids have been found in Chardonnay wines, Riesling
wines contain considerably fewer volatile C13- norisoprenoids
(Simpson and Miller, 1983, 1984; Marais et al., 1992a, 1992b;
Sefton et al., 1993). ß-Ionone and ß-damascenone yield intense
fruity flavours. On the other hand, actinidol, vitispirane and 1,1,6-
trimethyl-1,2-dihydronaphthalene (TDN) are significant in the
ageing of wines (Simpson and Miller, 1983; Dimitriadis et al.,
1998; Ferreira et al., 2003; Francioli et al., 2003). TDN is respon-
sible for the kerosene-like note in Riesling wines, which is also
called the “petrol note” (Simpson, 1978). In Riesling wine pro-
duced in cooler climatic zones, TDN can only be perceived after
four to six years of bottle ageing. In hot wine-producing regions,
TDN can arise much earlier and in considerably higher quantities,
causing these wines to be rejected (Rapp, 2004). Grapes exposed
to direct sunlight also yield wines containing higher TDN con-
centrations than shaded grapes (Marais et al., 1992a). Whereas
the effects of different Riesling clones, yeast and vintage, as well
as the wine-producing region and sunlight exposure on the gen-
eration of C13-norisoprenoids, especially TDN, are well known
(Marais et al., 1992a, 1992b, 1992c; Sponholz and Hühn, 1997;
Periadnadi, 2003), to our knowledge no studies have been carried
out on the influence of N supply. This is especially true for the
other norisoprenoids listed above. Since the sensorially important
C13-norisoprenoid compounds in Riesling wines are especially
associated with ageing, the aim of the present study was to exam-
ine the ageing process of Riesling wines produced from grapes
grown at different N fertilisation levels.
MATERIALS AND METHODS
Field experiment
The field experiment was conducted in the Rheingau, Germany
(50°N, 8°E), in a vineyard of Riesling grapevines on 5C rootstock
planted in 1977. The vines were planted in loamy sand, originat-
ing from tertiary sea sand containing 1.5% humus, the pH value
was approximately 7.5 and the available water capacity was 28%
(v/v, soil analysis details in Table 1). The vines were spaced 1.3 m
(within rows) by 1.9 m (between rows), trained to one vertically
positioned cane, and were pruned to 5 buds/m2 with a south-east
aspect. There was permanent green cover in every second row.
Soil management consisted of four to five times mulching in the
green cover row, respectively, five times cultivation in the other
row. Since 1985, the vineyard had been fertilised with different
quantities of N (0, 30, 60, 90, 150 kg N/(ha year). The fertiliser
was granular ammonium nitrate (27.5% N). Phosphorus, potas-
sium, magnesium fertiliser addition, pest control and other vine-
yard operations were consistent with commercially-accepted prac-
tices. In 2003, a thinning action was carried out to improve wine
quality – the crop was reduced to two grapes per spur at véraison.
The N treatments were completely randomised, and each fertilisa-
tion treatment consisted of four replicates of 48 vines, 20 of which
were designated “data” vines. Each replication was used for
micro-vinification. These grapes were weighed for an estimation
of yield, destemmed and crushed. The crushed grapes were
pressed and allowed to settle for 24 h. After clarification, the musts
were racked and inoculated with Saccharomyces cerevisiae strain
“Champagner Epernay Geisenheim”. Fermentation took place in
10 L glass flasks. At the end of alcoholic fermentation, the wines
were racked, sulphurated with 100 mg SO2/L, filtrated and bottled.
The bottled wines were stored at 14°C.
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led to lower TDN (1,1,6-trimethyl-1,2-dihydronaphthalene) concentrations, whereas the trend was for actinidol and
ß-damascenone to increase with increasing fertilisation and vitispirane was not affected by fertilisation. Yield,
which was affected by N fertilisation, showed negative correlations with norisoprenoids in 1996 and 1997.
Vitispirane, actinidol and TDN increased with storage time. The colder year, 1996, which had fewer sunshine hours,
resulted in higher concentrations of ß-damascenone and lower concentrations of the norisoprenoids vitispirane,
actinidol and TDN compared with 1997.
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Analysis
Leaf samples opposite the clusters of the first bunch of all field
replicates were taken at véraison. Leaf and juice samples were
analysed for N after a Kjeldahl digestion with sulphuric acid and
hydrogen peroxide (Schaller, 2000). The analysis was carried out
in replicate.
The soil was sampled in the cultivated row before budbreak
(winter) and at the end of bloom for the determination of NO3-N.
In 2006, samples were analysed for pH (CaCl2) and organic C
(conductometric). The soil organic material was calculated from
organic C with a factor of 1.72. All methods are as described in
Schaller (2000).
Weather data were taken from the German Meteorological
Service, Geisenheim, situated 5 km from the experimental vineyard.
C13-norisoprenoids (see Figure 1) were measured in bottle-aged
wines produced from the 1996, 1997 and 2003 vintages in
January 2006. An individual bottle of each field replicate was
analysed in duplicate. Ten millilitres of each sample was spiked
with 20 µL of internal standard solution (naphthalene 24 mg/L
and 2,6-dichloraniline 175 µg/L in ethanol). Extraction was via
stir bar sorptive extraction (SBSE) with a 10 mm stir bar
(Twister® Gerstel, Mühlheim/Ruhr, Germany), coated with a 1
mm layer of polydimethylsiloxane. SBSE was performed by stir-
ring for 1 h in closed 12 mL vials containing 10 mL of sample
and 3.5 g NaCl. Following extraction, the stir bars were placed
into a thermal desorption unit (TDS 2, Gerstel) with the follow-
ing temperature programme: 20°C; 60°C/min, 150°C (10 min).
Analytes were trapped in the (CIS 4, Gerstel) and released after
desorption for subsequent GC/MS analysis (temperature pro-
gramme: -150°C, 12°C/sec, 280°C (5 min)).
Capillary GC-MS identification was carried out using a HP
6890 GC and a HP-MSD system. An SPB-5 column (60 m x 320
µm x 25 µm; Supelco) was used. Samples were injected in split-
less mode and the column carrier gas was helium at a constant
flow of 1.2 mL/min. The temperature program started at 40°C,
and then increased at a rate of 4°C/min to 250°C, finishing with
a 5 min hold. The injector temperature was 280°C. The interface
and ion source temperatures were set at 280°C and 230°C respec-
tively. The MS was operated in the EI mode, with electron ener-
gy at 70 eV in the scan mode. The sampling range was from m/z
35 to m/z 300 at 1.4 scans/sec for eight samplings and from m/z
35 to m/z 500 at 2.8 scans/sec for two samplings. System software
control and data analysis were performed through Enhanced
ChemStation Software G1701BA (Agilent Technologies Inc.).
Vitispirane, TDN and actinidol were tentatively identified by
comparing their mass spectra with those in the Wiley 6n.L library
database or in the literature. ß-Damascenone and ß-ionone were
confirmed by retention time of standard substances.
SBSE-GC/MS (in the scan mode) is a useful tool for the quali-
tative and quantitative analysis of wine aroma compounds
(Hayasaka et al., 2003). However, it is difficult to quantify com-
pounds with a low octanol-water partition coefficient (log KOW
< 2,5), because recovery is too low for quantification of these
compounds (Hoffmann et al., 2000). However, the log KOW of all
the measured C13-norisoprenoids is high enough for quantifica-
tion (Table 2). ß-Damascenone and ß-ionone were quantified by
comparing their peak area with authentic compounds, using 2,6-
dichloraniline as internal standard. Quantifier ions for internal
standards were m/z 63 for naphthalene and m/z 161 for 2,6-
dichloraniline. See Table 2 for the quantifier ions for the aroma
compounds . Due to the absence of commercially available pure
standards of vitispirane, TDN and actinidol, the concentrations of
these compounds were calculated assuming a relative response
factor of 1:1 with naphthalene. Accuracy and precision were con-
firmed by 10 replications with one Riesling wine. All compounds
showed a normal distribution. The Grubbs test for outliers and
Neumann’s test for trend were both negative. The quantification
limits were set at a signal to noise ratio of 6:1 and the coefficients
of variation (CV% = (standard deviation/mean) x 100) were cal-
culated for the compounds that were studied (Table 2). Retention
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FIGURE 1
Structures of C13-norisoprenoids relevant to this work
TABLE 1
Organic material (OM) and pH (0 to 30 cm) in the year 2006 and NO3-N in the soil (0 to 60 cm) at bloom and in the previous winter in
1996, 1997 and 2003.
kg N/ha OM pH NO3-N 1996 NO3-N 1997 NO3-N 2003
(%) (kg N/ha) (kg N/ha) (kg N/ha)
winter bloom winter bloom winter bloom
0 1.4 a1) 7.4 a 4 a 52 a 5 a 19 a 5 a 32 a
60 1.5 a 7.5 a 9 b 61 a 11 b 24 a 11 a 57 a
150 1.5 a 7.5 a 18 c 184 b 21 c 80 b 28 b 117 b
1) Significant differences between treatments are indicated by different letters (α = 0.1%).
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TABLE 2
Chromatographical data of the compounds analysed: retention indices (RI), quantifier ion (QIon), quantification limit (LQ), variation of
correlation (CV), identification (ID)
RI QIon LQ CV (%) Log Kowa IDb Aroma Flavour
(µg/L) n = 10 threshold c
(µg/L)
Vitispirane 1281 192 1.00 2.8 4.65 B camphor 8001)
TDN 1352 157 0.60 3.7 5.16 B kerosene 202)
ß-Damascenone 1382 121 0.02 3.9 4.21 A rose 503)
Actinidol 1 1400 163 0.20 3.9 2.69 C camphor ?4)
Actinidol 2 1427 163 0.20 3.5 2.69 C camphor ?4)
Actinidol 3 1452 163 0.20 3.7 2.69 C camphor ?4)
ß-Ionone 1482 177 0.50 7.5 4.29 A rose 503)
aLogarithm of octanol-water partition coefficient (Kow) estimated with KOWWIN® (U.S. Environmental Protection Agency)
bIdentification:
A: comparison of retention time and spectra with authentic compounds 
B: comparison of spectra with library matches
C: comparison of spectra with the literature
cFlavour threshold in wine reported in:
1)Simpson (1979)
2)Simpson (1978)
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FIGURE 2
Projection of the vector loading of the norisoprenoids, the observed variables yield,
total soluble solids (TSS), titratable acid (TA) and N in must, and the independent
variables annual mean temperature, sum of annual sunshine hours, storage time 
and N fertilisation on principal components F1 and F2.
Statistical analysis
The data from the duplicated analysis were combined for further
statistical analysis. To calculate the significance of means of the
four field replicates, an ANOVA was carried out using Fischer’s
test. A two-way ANOVA was carried out with all the data.
Significant differences between the N treatments in the vintages
were tested with a one-way ANOVA. The portion of variance was
calculated by dividing the sum of squares of the effect by the total
sum of the squares. Principal component analysis was carried
with all vintages together and individually. Bartlett’s sphericity
test showed that, at the level of significance α = 0.05, the corre-
lation between variables was significant.
RESULTS
Grapevine performance
The unfertilised vines differed from the other treatments visually,
i.e. in growth, foliage surface and colour of the leaves. On aver-
age, pruning mass was reduced by 25% and area per leaf by 18%
in the unfertilised control compared to the N treatments
(Linsenmeier et al., 2007). In 1996 and 1997, the yield of treat-
ments without N fertilisation was lower by 18%. In 2003, the only
year when a thinning was carried out, no significant differences
were found between the means of the four replicates (Table 3).
On the other hand, the fertilised treatments could not be distin-
guished according to pruning mass, foliage surface or yield.
Moreover, titratable acid (TA) and total soluble solids (TSS) in
the must were not affected by fertilisation (see Tables 3 and 4). As
expected, the N concentration in the must showed highly signifi-
cant treatment differences. Within the years, it accounted for 80
to 90% of the variance. The N fertilisation of the treatments led
to a significantly higher N concentration in the must, although
however the effect of the vintage was much more important than
the effect of fertilisation. Regarding all vintages, fertilisation
accounted for 13% of the variance of N concentration in the must,
while vintage accounted for 84%. In a similar way, this was true
for the parameters yield, TA and TSS, which were also influenced
to a highly significant extent by the vintage.
The strongest influence of N fertilisation was exerted on the N
concentration in the leaves. The low content of soil organic mate-
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rial resulted in considerably lowered soil nitrate concentrations in
the leaves of the unfertilised treatment. Together with lowered N
in the must, reduced growth and lighter leaf colour, this clearly
indicates a nitrogen deficiency in the unfertilised vines.
Norisoprenoid concentration
N fertilisation also affected TDN concentrations. Wines produced
from the unfertilised treatment usually contained the highest
TDN values, whereas those made from the highly fertilised treat-
ment showed the lowest values (see Table 5). This is even true for
the young vintage, 2003, whereas in 1996, this effect was not sig-
nificant at α < 0.1. At the same time, an effect of the vintage can
be determined (Table 6). Despite longer bottle ageing, the 1996
wines showed considerably lower concentrations compared to the
1997 vintage. The TDN concentration of the 2003 vintage was
three to four times lower than in the other years.
The concentration of vitispirane measured in the wines made
from the 1996 and 1997 vintages was about four times higher
than in 2003. A fertilisation effect could not be detected.
Actinidol was affected by the year in a similar way as TDN. In
the 1997 wines, concentrations were higher than in the 1996
wines; both were much higher than in 2003. In contrast to TDN
and vitispirane, the concentrations of actinidol tended to be
increased by N fertilisation.
The concentration of ß-damascenone was highest in 2003 and
1996. The values of less than 1 µg/L, however, were clearly below
the odour threshold of 50 µg/L (Simpson and Miller, 1984). In
1997, the concentrations were below this threshold. N fertilisation
tended to increase the concentration of ß-damascenone in the wine.
In all the samples, the concentration of ß-ionone in the Riesling
wines was below the detection limit.
Principal component analysis
All norisoprenoids were significantly intercorrelated. As is sug-
gested by the small angle between the vectors of TDN, vitispirane
and the actinidols, these components were positively correlated
(see Figure 2). In contrast, damascenone was negatively correlat-
ed to the other measured norisoprenoids. The first principal com-
ponent F1 accounted for 47% of the variance. It was correlated to
the independent variable “storage time” and to all dependent vari-
ables except actinidol 2 and ß-damascenone. Regarding the inde-
pendent variables, the second principal component corresponded
best to the weather parameters “temperature” and “sunshine”.
This second factor explains 25% of the overall variance.
Norisoprenoids are less correlated with this axis. N fertilisation,
represented by a small vector, was not explained by principal
component analysis.
Regarding the vintages individually, in general more than one
parameter could be correlated with the norisoprenoids (see Table
7). For example, in 1996, TDN was significantly correlated with
yield, TSS and TA, and in 1997 with yield and N content in the
must. The parameters yield, TSS, TA and N in the must did not
affect the norisoprenoids in the same way in the different vin-
tages: yield was negatively correlated with actinidol 1 in 1996,
but significantly positive in 2003. Correlations between TSS and
vitispirane or actinidol 2 and 3 respectively were positive in 1996,
not significant in 1997 and significantly negative in 2003.
Considering all the vintages, the correlation between the depen-
dent variable “yield” and all the norisoprenoids was highly sig-
TABLE 3
N in leaves at véraison (% N in dry matter), yield (kg/vine) and must content of total soluble solid (TSS in °Brix), titratable acid (TA in
g/L) and N (mg/L) in the N treatments (0, 60 and 150 kg N/ha) and in the mean of the vintage (in bold) ± standard error.
1996 1997 2003
N in leaves 0 kg N/ha 1.81 ± 0.07 a1) 1.79 ± 0.07 a 1.94 ± 0.08 a
60 kg N/ha 2.24 ± 0.08 b 2,03 ± 0.04 b 2.13 ± 0.03 b
150 kg N/ha 2.44 ± 0.04 c 2.31 ± 0.03 c 2.38 ± 0.05 c
mean 2.16 ± 0.19 B1) 2.04 ± 0.15 A 2.16 ± 0.13 B
Yield 0 kg N/ha 1.84 ± 0.08 a 2.96 ± 0.09 a 1.55 ± 0.13 a
60 kg N/ha 2.26 ± 0.13 b 3.63 ± 0.18 b 1.47 ± 0.17 a
150 kg N/ha 2.21 ± 0.19 b 3.60 ± 0.19 b 1.36 ± 0.15 a
mean 2.10 ± 0.18 B 3.39 ± 0.19 C 1.46 ± 0.17 A
TSS 0 kg N/ha 21.1 ± 0.5 a 21.7 ± 0.2 a 20.8 ± 0.3 a
60 kg N/ha 21.2 ± 0.3 a 21.5 ± 0.1 a 20.1 ± 0.2 a
150 kg N/ha 21.0 ± 0.2 a 21.0 ± 0.5 a 20.5 ± 0.5 a
mean 21.1 ± 0.2 B 21.4 ± 0.2 B 20.5 ± 0.2 A
TA 0 kg N/ha 12.3 ± 0.5 a 10.5 ± 0.4 a 6.6 ± 0.2 a
60 kg N/ha 11.8 ± 0.2 a 10.7 ± 0.2 a 6.8 ± 0.1 a
150 kg N/ha 11.9 ± 0.2 a 10.4 ± 0.4 a 6.7 ± 0.2 a
mean 12.0 ± 0.2 C 10.5 ± 0.1 B 6.7 ± 0.1 A
N in must 0 kg N/ha 616.3 ± 35.9 a 145.9 ± 6.5 a 171.1 ± 20.5 a 
60 kg N/ha 803.1 ± 24.2 b 233.8 ± 27.2 b 238.3 ± 22.4 b
150 kg N/ha 938.1 ± 19.7 c 368.8 ± 22.6 c 358.7 ± 30.1 c
mean 785.8 ± 93.5 B 249.5 ± 26.0 A 256.1 ± 13.9 A
1) Significant differences between treatments are indicated by different small letters; significant differences between the means of the years are indicated by different cap-
ital letters (α = 0.1%).
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nificant. TSS and TA showed lower correlations. Except for
ß-damascenone, the regression coefficients of these variables
were positive. The N content in the must only showed a reduced
correlation with vitispirane, ß-damascenone and actinidol 2, and
no correlation with TDN.
DISCUSSION
Among the C13-norisoprenoids in Riesling wines, TDN is of spe-
cial importance because of its contribution to the kerosene-like
note. The concentration of TDN in other cultivars is too low to be
perceived (Marais et al., 1992a). The sensorial threshold is
reported to be 20 µg/L (Simpson, 1978).
In this experiment, long-term N deficiency in vines resulted in
higher TDN concentrations in the wines (see Table 5). As TDN is
formed in wines during bottle ageing, there must be an N effect
on the precursor. Lutein is reported to be the most important pre-
cursor of TDN. Only little amounts of TDN are generated from ß-
carotene (Periadnadi, 2003; Marais, 1992). Whereas Bureau et al.
(1998) found higher concentrations of lutein and ß-carotene in the
ripe berries of shaded grapes, Steel and Keller (2000) measured
TABLE 4
Portion of variance (%) by two-way ANOVA with the dependent variables N in leaves, yield, TSS (total soluble solids in must), TA
(titratable acid in must) and N content in must, and the independent variables vintage and fertilisation.
Vintage (V) Fertilisation (F) V x F Residual
N in leaves 4.6* 76.0*** 3.2 16.1
Yield 85.1*** 2.8* 3.2* 8.9
TSS 28.8** 4.7 6.7 59.8
TA 94.5*** 0.1 0.3 5.1
N in must 83.6*** 13.2*** 0.9* 2.4
*, **, *** significant at α = 0.1%, 0.01%, 0.001% 
TABLE 5
Effect of N fertilisation and year on C13-norisoprenoids (mean ± standard error in µg/L). Vintages were analysed in January 2006.
1996 1997 2003
Vitispirane 0 kg N/ha 396 ± 63 a1) 394 ± 35 a 87 ± 3 a
60 kg N/ha 327 ± 14 a 366 ± 76 a 86 ± 3 a
150 kg N/ha 367 ± 29 a 421 ± 73 a 82 ± 11 a
mean 363 ± 32 B1) 394 ± 18 B 85 ± 5 A
TDN 0 kg N/ha 40 ± 21 a 60 ± 6 a 10 ± 1 ab
60 kg N/ha 31 ± 13 a 47 ± 5 ab 11 ± 1 a
150 kg N/ha 26 ± 3 a 38 ± 8 b 7 ± 1 b
mean 32 ± 3 B 48 ± 4 C 9 ± 2 A
ß-Damascenone 0 kg N/ha 0.74 ± 0.20 a 0.05 ± 0.02 a 0.84 ± 0.22 a
60 kg N/ha 0.69 ± 0.09 a 0.15 ± 0.01 b 0.81 ± 0.03 a
150 kg N/ha 0.94 ± 0.16 a 0.11 ± 0.04 ab 0.91 ± 0.08 a
mean 0.79 ± 0.14 B 0.10 ± 0.01 A 0.85 ± 0.09 B
Actinidol 1 0 kg N/ha 68.3 ± 4.9 a 115.1 ± 53.2 a 15.6 ± 1.1 a
60 kg N/ha 66.5 ± 3.5 a 104.3 ± 26.2 a 14.7 ± 1.0 a
150 kg N/ha 80.9 ± 15.7 a 160.0 ± 55.5 a 10.7 ± 1.9 a
mean 71.9 ± 14.5 B 126.5 ± 9.1 C 13.7 ± 1.0 A
Actinidol 2 0 kg N/ha 4.4 ± 0.6 a 8.0 ± 1.0 a 5.1 ± 0.4 a
60 kg N/ha 4.3 ± 0.3 a 8.6 ± 2.0 a 6.0 ± 0.2 a
150 kg N/ha 5.2 ± 0.4 a 9.1 ± 1.8 a 6.0 ± 0.8 a
mean 4.6 ± 0.5 A 8.6 ± 0.5 B 5.7 ± 0.3 A
Actinidol 3 0 kg N/ha 3.0 ± 0.4 a 5.3 ± 0.6 a 0.6 ± 0.4 a
60 kg N/ha 2.9 ± 0.1 a 5.6 ± 1.2 a 0.9 ± 0.5 a
150 kg N/ha 3.2 ± 0.4 a 6.2 ± 1.2 a 1.5 ± 0.5 a
mean 3.0 ± 0.3 B 5.7 ± 1.6 C 1.0 ± 0.1 A
ß-Ionone Not detectable
1) Significant differences between treatments are indicated by different small letters; significant differences between years are indicated by capital letters (α = 0.1%).
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lower concentrations at decreasing UV radiation. Schultz et al.
(1998) found reduced concentrations of total carotenoids in
Riesling grapes (at harvest) caused by higher UV-B levels.
Due to the larger leaf area of the fertilised treatments, a shad-
ing effect could be expected. Thus, a secondary N fertilisation
effect due to the increased sun exposure of the N stress treatment
might be possible. An increase in carotenoids, which serve as pro-
tection against more intense UV radiation, might be the result.
According to Marais et al. (1992a), more sun exposure results in
an increase in the concentration of potential TDN.
In addition, nitrogen deficiency led to smaller berries with
reduced yield (see Table 3). As carotenoids are located in the
skins (Razungles et al., 1998), this could also explain the
decrease of TDN with N fertilisation. In fact, yield was negative-
ly correlated with norisoprenoids in 1996 (and with TDN in
1997). The positive correlation in 2003 can be explained by the
thinning that was carried out in this vintage, which led to the
highest yield in the unfertilised treatment. Still, following these
arguments, yield should also affect the other norisoprenoids, but
this could not be observed in the present trial.
TABLE 6
Portion of variance (%) by two-way ANOVA with norisoprenoids as dependent variables and vintage and fertilisation as independent
variables.
Vintage (V) Fertilisation (F) V x F Residual
Vitispirane 75.7*** 0.8 0.9 22.6
TDN 47.4*** 5.0 2.2 45.4
ß-Damascenone 67.4*** 1.5 1.5 29.5
Actinidol 1 45.8*** 2.0 2.5 49.7
Actinidol 2 53.6*** 1.2 1.1 44.1
Actinidol 3 74.7** 1.1 0.2 24.1
*, **, *** significant at α = 0.1%, 0.01%, 0.001%
TABLE 7
Correlation matrix (R) between the dependent parameters yield, total soluble solids (TSS), titratable acid (TA), N in must and noriso-
prenoids within the individual vintages 1996, 1997 and 2003 (n = 12) and across all vintages. Here the independent variables storage
time, annual mean temperature and sum of annual sunshine hours (n = 36) are included.
Vitispirane TDN ß-Damascenone Actinidol 1 Actinidol 2 Actinidol 3
1996 Yield -0.65* -0.50* -0.26 -0.52* -0.34 -0.39
TSS 0.74** 0.82** 0.14 0.28 0.55* 0.55*
TA -0.70* -0.63* -0.18 -0.25 -0.79** -0.71**
N in must 0.02 -0.05 0.46* 0.32 0.50* 0.31
1997 Yield -0.10 -0.62* 0.14 -0.39 -0.15 -0.16
TSS -0.44 -0.07 -0.48 -0.01 -0.45 -0.43
TA -0.39 -0.19 -0.51* -0.10 -0.39 -0.37
N in must 0.19 -0.53* 0.30 0.27 0.23 0.22
2003 Yield 0.23 0.06 -0.33 0.55* 0.29 -0.05
TSS -0.59* -0.36 -0.31 -0.31 -0.78** -0.16
TA 0.08 0.40 -0.46 -0.27 -0.18 0.22
N in must -0.52* -0.55* 0.38 -0.60* 0.22 0.17
all Yield 0.61*** 0.48** -0.77*** 0.52** 0.56*** 0.76***
TSS 0.45** 0.58*** -0.41* 0.37* 0.07 0.37*
TA 0.73*** 0.44** -0.29* 0.45** -0.03 0.47**
N in must 0.34* 0.00 0.42* 0.06 -0.38* -0.06
Storage time 0.85*** 0.58*** -0.37* 0.54*** 0.14 0.62***
Temperature -0.64*** -0.32* -0.05 -0.27 0.24 -0.23
Sunshine -0.60*** -0.29* -0.09 -0.23 0.28* -0.18
*, **, ***: significant values of R at the level of significance α = 0.1%, 0.01%, 0.001%
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TABLE 8
Sum of sunshine hours, mean temperature in 1996, 1997 and 2003, and means of 30 years (1971-2000) (data from the German
Meteorological Service, Geisenheim).
1996 1997 2003 mean
Temperature (average, °C) annual 9.2 10.5 11.2 10.2
growing season (Apr-Oct) 14.3 15.0 16.3 14.7
ripeness (July-Sept) 16.6 18.5 19.7 17.5
Sunshine (sum, h) annual 1565 1787 2190 1603
growing season (Apr-Oct) 1234 1446 1641 1272
ripeness (July-Sept) 561 713 789 597
An increase in acid-released TDN concentration is reported
with an increase in ripeness (Marais et al., 1992a; Strauss et al.,
1987). More mature grapes show a higher content of TSS and a
lower content of TA. In this experiment, no fertilisation effect on
TSS and TA could be found in the must (see Table 3). The corre-
lations between these parameters and norisoprenoids were not
consistent in the different vintages (see Table 7). TDN, for exam-
ple, correlated negatively with TSS in 2003 but positively in
1996. Therefore it is unlikely that the significantly positive corre-
lation across all vintages is due to ripeness.
To our knowledge, no studies have been carried out on the
effect of N fertilisation on carotenoids in grapes. Fertilisation
increases the concentration of carotenoids in vine leaves (Chen
and Cheng, 2003) – this should be expected for grapes as well.
Still, a higher carotenoid content in grapes would contradict the
results mentioned above. This might be the reason for the differ-
ences between the response of TDN to N fertilisation and the
reactions of the two other ageing compounds vitispirane and
actinidol: actinidol tended to increase with N fertilisation, where-
as vitispirane did not react to N supply in the present trial. Accor-
ding to Marais et al. (1992a), however, the concentrations of
actinidol and vitispirane are also lower due to the shading of the
grapes. The trend was for the concentrations of ß-damascenone in
wine to be higher due to N fertilisation. This matches the obser-
vation that the concentration of ß-damascenone is not (signifi-
cantly) lowered in shaded grapes and their wines (Marais et al.,
1992a).
Nitrogen fertilisation enhances carotenoid synthesis (Chen and
Cheng, 2003), but carotenoids can be reduced if the grapes are
shaded (Steel and Keller, 2000). Both mechanisms might affect
each specific norisoprenoid in a different way, because they have
various precursors that differ in their reaction to stress: lutein
increases, but the total carotenoids decrease due to higher levels
of UV radiation (Bureau et al., 1998, Schultz et al., 1998). The
mechanism of the effect of N fertilisation on C13-norisoprenoids
in wines could not be fully elucidated. The secondary effects of
N deficiency might act diametrically to the fertilisation effects on
the precursor lutein and other carotenoids. Our knowledge about
the influence of N fertilisation on the precursors of noriso-
prenoids in grapes is still rather limited.
The influence of the vintages on the concentrations of noriso-
prenoids was highly significant (see Table 6). It is not possible to
attribute this effect to one cause, because the variable “vintage”
in reality represents an inseparable mix of variables: not only
weather conditions and storage time, but even yield, TSS, TA and
N supply can be regarded as being part of the variable “vintage”.
As expected, the concentrations of TDN and the other ageing
compounds increased with bottle ageing, while ß-damascenone
decreased with bottle-ageing (see Table 5 and Figure 2).
Statistically, this effect of the vintage could even be explained by
yield, TSS or TA. Considering that the correlation between these
parameters and the norisoprenoids was reverse or not very close
within the different vintages, it must be assumed that yield, TSS
and TA did not affect the different norisoprenoid concentrations.
The lowered concentrations of the ageing compounds vitispirane,
TDN and actinidol in the 1996 vintage, which was stored longer
compared to the 1997 vintage, cannot be explained by differences
in yield, but by the higher temperature and number of sunshine
hours in 1997 (see Table 8). This matches the observations of
Marais et al. (1992a, 1992b) that higher temperature and more
sunshine hours lead to higher concentrations of TDN, vitispirane
and actinidol.
CONCLUSION
In the current investigation, TDN decreased with N fertilisation.
This result was not influenced by the storage time of the wines.
In this long-term experiment, secondary effects of fertilisation are
possible due to differences in foliage surface and pulp to skin
ratio. Further experiments therefore should be carried out to
investigate the direct impact of N supply on TDN formation.
On the other hand, ß-damascenone, as a positive aroma com-
pound, showed a tendency to decrease with N deficiency. As in
this experiment (and also in general), the ß-damascenone con-
centration in Riesling wines is clearly below the flavour thresh-
old, and the observed differences are not sensorially significant.
However, it can be assumed that N fertilisation has an influence
on the aroma profile of other varieties.
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